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ABSTRACT
Accreting black holes are observed to launch relativistic, collimated jets of matter and radiation.
In some sources, discrete ejections have been detected with highly relativistic velocities. These par-
ticular sources typically have very high mass accretion rates, while sources lower knot velocities are
predominantly associated with black holes with relatively low mass accretion rates. We quantify this
behavior by examining knot velocity with respect to X-ray luminosity, a proxy for mass accretion rate
onto the black hole. We find a positive correlation between the mass-scaled X-ray luminosity and jet
knot velocity. In addition, we find evidence that the jet velocity is also a function of polar angle,
supporting the “spine-sheath” model of jet production. Our results reveal a fundamental aspect of
how accretion shapes mechanical feedback from black holes into their host environments.
1. INTRODUCTION
Accreting black holes produce highly collimated, rela-
tivistic outflows known as jets. These jets inject enor-
mous quantities of material and energy into their host
galaxies (Allen et al. 2006), creating shocks, heating gas,
and ultimately transforming their galactic and extra-
galactic environments (Fabian 2012). Though we can
observe the impact of jets on their surroundings, we have
only measured the total power from the most massive ac-
tive galactic nuclei (AGN) jets via the X-ray and radio
jet cavities they carve out (Allen et al. 2006). Smaller
AGN jets do not leave the same observable signatures as
their high-mass counterparts, leaving our understanding
of jet kinematics in typical AGN jets wanting.
Besides measuring jet power from a select few exca-
vated cavities, kinematic power can be estimated via
observations of the moving knots within the jet itself.
This has the added benefit of being an instantaneous
power measurement rather then a time averaged esti-
mate, and is not necessarily limited to the highest mass
systems. Current observations of jet velocities qualita-
tively suggest an important dependence on mass accre-
tion rate, i.e., jet production at low mass accretion rates
is mildly-relativistic (Ulvestad et al. 1999), while quasars
and blazars – supermassive black holes with high mass
accretion rates, LX ∼ LEdd – produce jets with discrete,
highly relativistic knots (Chatterjee et al. 2009, 2011).
This suggests an integral relation between the black hole
and its accretion disk to launching, collimating, and ac-
celerating jets. Consequently, dichotomies in jet radia-
tive power, kinetic power, and morphological structures
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would readily be explained via intrinsic properties of the
jet rather than extrinsic properties of its environment
(Ghisellini & Celotti 2001).
A detailed study of an ensemble of jet kinematic prop-
erties as a function of accretion rate has yet to be under-
taken. We have assembled a sample of sixteen sources
in a redshift range of 0.02 < z < 1.05, with well deter-
mined (apparent) jet knot velocities, black hole masses,
and X-ray luminosities, in order to test intrinsic jet char-
acteristics as a function of disk accretion properties.
2. SAMPLE SELECTION
2.1. X-ray selection
We compiled a sample of sixteen AGN with discrete
jet knot emission, black hole mass estimates, X-ray lu-
minosity measurements between 2–10 keV, which were
at a redshift of 0.02 < z < 1.05. Table 1 lists the char-
acteristics of our sample. The X-ray observations were
taken in the 2–10 keV range in order to avoid absorption
contamination by hydrogen gas along the line of sight,
typically associated with lower energies. We find that
rather than the X-ray luminosity, it is the X-ray lumi-
nosity scaled by each black hole’s Eddington luminosity
that is the relevant quantity in our analysis. A black
hole’s Eddington luminosity is a function of its mass,
LEdd ≃ 1.3× 10
38MBH/M⊙.
A bolometric correction can translate the X-ray lu-
minosity into the bolometric luminosity, LBol = κLX .
The bolometric luminosity is the total accretion lu-
minosity, which is a function of mass accretion rate
(LBol = ηM˙accc
2, where η is the radiative efficiency,
M˙acc is the mass accretion rate and c is the speed of
light). The bolometric correction may itself depend
on and scale positively with bolometric Eddington frac-
tion (Vasudevan & Fabian 2007), and the efficiency is
a monotonic function of the mass accretion rate scaled
by mass (Narayan et al. 1998). The efficiency also de-
pends on the type of accretion flow in the accretion disk
(Narayan et al. 1998). In this study, we refrain from con-
verting directly from X-ray Eddington fraction to mass
accretion rate to avoid introducing larger uncertainties
from both the bolometric and efficiency corrections.
2We also assumed the X-ray luminosity does not suffer
from Doppler beaming from the jet, and is therefore in-
dependent of inclination effects. This is supported by the
fact that we do not find a significant correlation between
X-ray luminosity and inclination (see below). Finally,
we used a 0.3 dex uncertainty for the X-ray luminosity
to account for the variability inherent to AGN and uncer-
tainties in the spectral shape. The masses also included
an uncertainty of 0.3 dex, which not only accounts for
intrinsic statistical errors but also systematic offsets be-
tween different mass estimate methods, i.e., power spec-
tral density breaks (Marscher et al. 2004), reverberation
mapping (Peterson et al. 2004), the MBH − σ relation
(Barth et al. 2003), Keplerian modeling of gaseous disk
(Ferrarese & Ford 1999), and full-width half-maximum
of emission lines (Ghisellini et al. 2010).
2.2. Jet Knot Velocities
To compare with the X-ray Eddington fraction data,
we collected the apparent velocities of discrete ejected
knots, which are derived from Very Long Baseline Inter-
ferometric (VLBI) analyses, for these sources. A number
of the sources have multiple knots with varying bright-
nesses and velocities. Previous studies have found that
for those sources with at least ten detectable knots, each
source has an apparent knot velocity distribution consis-
tent with a Gaussian distribution and a mean velocity
characteristic to each source (Lister et al. 2013). In this
study, we used only the brightest knot at R ≈ 105.5RG
(RG = GMBH/c
2, where G is the gravitational con-
stant), the de-projected radius from the black hole. We
find that the velocity of the brightest knot roughly cor-
responded to the mean velocity in those sources with
multiple knots.
Figures 1(a) & 1(b) depict the radial distribution of
these knots, and indicates no clear radial dependence in
our data set. The restriction of the radius obe R ≃ 105.5
RG served as the most stringent selection criterion. In
addition, this procedure assumes that the brightest knot
best characterizes the bulk motion in the jets, and it has
the additional benefit of only sampling the jet close to the
black hole. We note that if we instead use the maximum
velocity knot instead of the brightest knot, the overall
qualitative behavior of our relations still hold but with
larger scatter.
The apparent velocities, βapp, are de-projected using
the relation βapp = β sin θ/(1 − β cos θ), where θ is the
inclination to our line-of-sight, and β = v/c is the in-
trinsic velocity. The inclination of the jet to our line-of-
sight is measured with 0◦ as looking down the barrel of
the jet and 90◦ observing perpendicular to the jet flow.
The inclinations were determined via a number of differ-
ent methods. The most reliable method involved utiliz-
ing the ratio in either brightness or velocity between the
approaching and receding knots (Jones & Wehrle 1994;
Giroletti et al. 2006; Gentile et al. 2007). The angular
separation between the approaching and receding knots
was also used (Asada et al. 2006; Taylor et al. 2009).
These methods assume that the jets are bi-polar outflows
with simultaneous ejections at each pole. In addition, in
some cases the upper limit on the inclination angle is set
by the fact that the de-projected velocity cannot exceed
the speed of light (Gentile et al. 2007; Chatterjee et al.
2009). Finally, a few sources had inclinations that were
derived from averaging inclinations obtained from a num-
ber of knots, which were determined via the assumption
that θ . arcsin(1/βapp) (Jorstad et al. 2005). We took
care to ensure that regardless of the method, all the in-
clinations were determined in the vicinity of the knot
measurements to minimize the effects of bending in the
jets. Table 1 shows which methods were used on each
source.
Finally, we note that our sample contains varying jet
morphologies, including both Fanaroff-Riley I (FR I) jets,
which are jets dominated by compact, edge-brightened
emission, Fanaroff-Riley II (FR II) jets, which are edge-
darkened and lobe-dominated jets (Fanaroff & Riley
1974), as well as BL Lacertae (BL LAC) objects, which
are radio-loud jets which lack strong optical emission or
absorption lines (Urry & Padovani 1995).
3. RESULTS
In Figure 2a, we plot the jet Lorentz factor, γ =
(1 − β2)−1/2, of the sample versus the X-ray Eddington
fraction, LX/LEdd. The lower limits are a result of upper
limits in inclinations, not an uncertainty in the velocity.
We find that the Lorentz factor is positively correlated
with the X-ray Eddington fraction, determined via a gen-
eralized Kendall’s τ rank correlation test, which gives
τ = 0.55 corresponding to 3.2σ confidence level (see Ta-
ble 2). This generalized Kendall’s τ rank correlation test
takes limits into account (Isobe et al. 1986). When a par-
tial correlation test is made to account for viewing angle
as a potential third contributing factor (over plotted in
blue in Figure 2a), we find a 4.5σ confidence level of cor-
relation between X-ray Eddington fraction and Lorentz
factor (see Table 2). In general, this indicates that as
the X-ray Eddington fraction increases, faster knots are
produced.
We also plot the Lorentz factor against inclination in
Figure 2b. There is a statistically significant, negative
correlation between the two quantities, with a general-
ized Kendall’s τ rank correlation test giving a τ = −0.47
corresponding to a 3.5σ statistical significance. Taking
X-ray Eddington fraction into account as a third param-
eter (over plotted in green in Figure 2b), there is still a
3.3σ confidence level of correlation between the viewing
angle and the Lorentz factor that is observed. An in-
verse correlation between inclination and Lorentz factor
indicates that a faster velocity is observed when look-
ing down the “barrel” of the jet as compared to viewing
the jet from the side. This trend is to be expected if
the jet structure is divided into a highly relativistic in-
ner “spine” and a mildly relativistic “sheath”, i.e., the
“spine-sheath” jet model (Attridge et al. 1999), as the
Doppler boosting factor for the spine relative to that of
the sheath is very large at low inclination, and very small
at high inclinations (Tavecchio & Ghisellini 2008).
We note that correlating the X-ray Eddington fraction
with the viewing angle itself leads to only a small corre-
lation. A generalized Kendall’s τ test gives a τ = −0.36
corresponding to a 2.2σ confidence level. This supports
our use of X-ray Eddington fraction as a proxy for mass
accretion rate, as it is not dominated by Doppler beaming
from the jets.In addition, we also investigate whether the
correlation itself is a result of any other hidden depen-
dencies, specifically a distance dependence. The X-ray
luminosity is dependent on the square of the luminos-
3(a) (b)
Fig. 1.— Jet Lengths . a) A logarithmic plot of the Lorentz factor plotted against the de-projected radius in terms of gravitational
radii (RG). b) A logarithmic plot of the X-ray Eddington fraction versus the radius in terms of gravitational radii (RG). There does not
appear to be a trend of X-ray Eddington fraction with radius.
(a) (b)
Fig. 2.— Accretion driven jet velocity and structure. a) De-projected knot Lorentz factors ( γ = (1 − β2)−1/2) of the brightest
knots in AGN jets versus the X-ray Eddington fraction LX/LEdd), a proxy for mass accretion rate onto a black hole (see Sections 2.2 for jet
knot velocity criteria). The blue color bar indicates the inclination angle to our line-of-sight of each source. There is a positive correlation
between X-ray Eddington fraction and Lorentz factor (see Table 2). b) Inclination versus Lorentz factor. The green color scale indicates
log(LX/LEdd). There is a negative correlation between inclination and Lorentz factor (see Table 2).
ity distance, while the apparent velocity is linearly de-
pendent on the luminosity distance. However, a partial
correlation test between X-ray Eddington fraction and
Lorentz factor gives a 3.3σ confidence level that correla-
tion is not driven by distance to the source.
4. DISCUSSION
The results have broad implications for jet structure
and launching mechanisms. First, the results support
the “spine-sheath” structure model with a highly rel-
ativistic flow in the center of the jet surrounded by a
mildly relativistic outer flow. This is evidenced by the
fact that the de-projected velocity is partially dependent
on viewing angle. Second, our analysis indicates that
X-ray Eddington fraction also plays a prominent role in
determining de-projected jet knot velocities. Assuming
X-ray Eddington fraction is a monotonic function of mass
accretion rate (Narayan et al. 1998) and bolometric cor-
rections to the X-ray luminosities do not anti-correlate
4with jet velocity, this implies a coupling between mate-
rial falling in toward the black hole and the energy that
is extracted in the collimated jets. Generally, a higher
influx of material results in faster knots ejected from the
central AGN.
One would expect such a relation if the mass accretion
rate sets the magnetic field strength, B, and configu-
ration, which in turn would set the bulk velocity. The
former is likely to arise from equipartition of the accreted
energy density with the magnetic field strength. The lat-
ter is predicted if the bulk velocity is set by the Alfve´n
speed (v2A ∝ B
2/ρ, where ρ is the particle density) or
magnetic hoop stresses (e.g., Blandford & Payne 1982;
Li 2002). Future jet simulations are needed to explore
this in more detail.
A range in velocities dependent on mass accretion
rate, might partly explain the dichotomy between FR
I and FR II jet structures. It has long been inferred
that the difference between FR I and FR II jet struc-
ture is due to intrinsic differences in their jet velocities
(Ghisellini & Celotti 2001). FR I jets would have slower
velocities making them more susceptible to shearing in-
stabilities, which result in a more diffuse, extended jet
structure compared to the faster FR II jets. As FR I
jets typically have lower Eddington fractions than FR
II jets (Ghisellini & Celotti 2001), our results therefore
suggests that indeed FRI jets have lower velocities than
FR II’s, further supporting this kinematically driven jet
structure model.
Looking across the black hole mass scale, a hint of
Lorentz factor dependence on X-ray Eddington frac-
tion has also been suggested for stellar-mass black holes
(Fender et al. 2004). This suggests a universal regulation
mechanism for jet velocities that is set by X-ray mass ac-
cretion rate, as reflected by the X-ray Eddington fraction.
However, as the stellar-mass work is based on velocity
limits, more stringent observations are needed to deter-
mine whether the knot ejection velocities in stellar-mass
black holes are actually dependent on X-ray Eddington
fraction in the same manner as our supermassive black
hole sample.
A qualitatively similar trend between X-ray luminosity
and jet power has also been discovered in the “fundamen-
tal plane of black hole activity”, which finds a positive
correlation between black hole mass, X-ray luminosity,
and radio emission (see Gu¨ltekin et al. 2009, and ref-
erences therein). Though radio emission is only a di-
rect probe of the radiative power emitted by the jets,
the fundamental plane has been used to infer a correla-
tion between X-ray luminosity, mass, and total jet power
(radiative plus kinetic). Our results directly measure a
fundamental quantity contributing to the kinetic power,
which dominates over the radiative power (Allen et al.
2006). Assuming that the mass outflow rate (M˙) is con-
stant or increasing with X-ray Eddington fraction, then
the kinetic jet power (γM˙c2 ) also increases with X-ray
Eddington fraction. However, the fundamental plane of
black hole activity does indicate that radio luminosity,
LR, has a complex dependence on both X-ray luminosity
and black hole mass, i.e., LR ∝ L
α
XM
β
BH Gu¨ltekin et al.
(2009). Our sample has a relatively small mass distribu-
tion with an average mass of 〈logMBH〉 = 8.77M⊙ and
a standard deviation of σ = 0.46. Therefore, future in-
vestigations with higher resolution will need to expand
our sample to even lower masses with the same extent
as measured in gravitational radii, probing whether the
jet velocities follow a similar dependence on both X-ray
luminosity and mass.
Finally, our results have interesting implications for jet
launching mechanisms. Jet simulations suggest that a
thick disk is needed to generate and collimate a relativis-
tic jet (Reynolds et al. 2006; McKinney et al. 2012). In
the standard accretion theory paradigm, a thick disk only
exists at low mass accretion rates (corresponding to .
10−3LEdd), while a thin accretion disk exists at high mass
accretion rates (& 10−3LEdd) (Abramowicz & Fragile
2013). Our analysis shows coupling to the X-ray Edding-
ton fraction up to very high X-ray Eddington fractions,
where a thin disk should prevail. This indicates that ei-
ther jets are just as efficiently coupled to thin disks as
thick disks, or that thick disks prevail even at high X-ray
Eddington fractions. Future investigations will need to
further examine disk-jet theory in this context.
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